Development of sulfur-resistant anode materials for solid oxide fuel cells ͑SOFCs͒ is critical to cost reduction of SOFC technologies. In this paper, we report the thermodynamic stability of various candidate materials for sulfur-resistant anodes of SOFCs, including metal carbides, borides, nitrides, silicides, perovskite-structured oxides, and transition metal sulfides. The most probable reaction between each candidate material and hydrogen sulfide ͑H 2 S͒-containing fuels under SOFC operating conditions ͑i.e., high temperature, reducing atmosphere with significant concentration of water vapor͒ were predicted and compared with experimental observations. It was found that proper thermodynamic analysis provided accurate prediction of the stability for a wide range of materials and significantly reduced the number of candidate materials for further in-depth study. © 2006 The Electrochemical Society. ͓DOI: 10.1149/1.2198107͔ All rights reserved. Effective utilization of sulfur-containing fuels in solid oxide fuel cells ͑SOFCs͒ has generated great interest in the development of sulfur-resistant anode materials for SOFCs. Previous studies on sulfur-tolerant anode materials can be grouped into two categoriesthose for SOFCs exposed to fuels with very high concentration ͑ϳ5-100 vol %͒ of H 2 S 1-10 ͒ and those exposed to fuels with H 2 S in parts per million range. [11] [12] [13] [14] These studies are of great importance because they may lead to the elimination of the desulfurization system in the current SOFC fuel-processing unit, which would significantly simplify operation and reduce the cost. To date, unfortunately, the selection of sulfur-resistant anode materials seems to be largely in a trial-and-error manner: potential candidate material is fabricated as the anode in an SOFC and tested in sulfur-containing fuel. Though straightforward, it is often found that the candidate material simply transformed into other phases upon exposure to H 2 S-containing fuels 3,4 and failed due to loss of structural integrity. One effective tool to guide the selection of sulfur-resistant anode materials is to analyze the thermodynamic stability of the candidate materials. Thermodynamics has been used to analyze the stability of cathode and interconnect materials for SOFCs. 15, 16 For the study of sulfur-resistant anodes, this involves predicting whether the material will react with H 2 S, water vapor, or other cell components and whether the material will melt or evaporate in SOFC anode environments. Such a method is expected to be of great importance, because in real SOFCs, the porous anodes are subject to high temperatures ͑ജ700°C͒ for years and the materials stability would most likely be determined by thermodynamics. Prediction of the materials stability based on thermodynamics could help researchers avoid a large number of trial experiments and identify the most promising candidate in a much more efficient way. However, thermodynamic stability is a necessary but not sufficient condition for a viable sulfur-tolerant anode material; it must have other desirable properties, including adequate electrical conductivity, high catalytic activity for fuel oxidation, as well as compatibility with other cell components such as electrolyte and interconnect. In addition, stability of surface species ͑e.g., adsorbates͒ is not included in the thermodynamic analysis for bulk materials. The adsorption of sulfur-containing species on anode surfaces is being studied using quantum-chemical calculations.
Effective utilization of sulfur-containing fuels in solid oxide fuel cells ͑SOFCs͒ has generated great interest in the development of sulfur-resistant anode materials for SOFCs. Previous studies on sulfur-tolerant anode materials can be grouped into two categoriesthose for SOFCs exposed to fuels with very high concentration ͑ϳ5-100 vol %͒ of H 2 S [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] ͒ and those exposed to fuels with H 2 S in parts per million range. [11] [12] [13] [14] These studies are of great importance because they may lead to the elimination of the desulfurization system in the current SOFC fuel-processing unit, which would significantly simplify operation and reduce the cost. To date, unfortunately, the selection of sulfur-resistant anode materials seems to be largely in a trial-and-error manner: potential candidate material is fabricated as the anode in an SOFC and tested in sulfur-containing fuel. Though straightforward, it is often found that the candidate material simply transformed into other phases upon exposure to H 2 S-containing fuels 3, 4 and failed due to loss of structural integrity. One effective tool to guide the selection of sulfur-resistant anode materials is to analyze the thermodynamic stability of the candidate materials. Thermodynamics has been used to analyze the stability of cathode and interconnect materials for SOFCs. 15, 16 For the study of sulfur-resistant anodes, this involves predicting whether the material will react with H 2 S, water vapor, or other cell components and whether the material will melt or evaporate in SOFC anode environments. Such a method is expected to be of great importance, because in real SOFCs, the porous anodes are subject to high temperatures ͑ജ700°C͒ for years and the materials stability would most likely be determined by thermodynamics. Prediction of the materials stability based on thermodynamics could help researchers avoid a large number of trial experiments and identify the most promising candidate in a much more efficient way. However, thermodynamic stability is a necessary but not sufficient condition for a viable sulfur-tolerant anode material; it must have other desirable properties, including adequate electrical conductivity, high catalytic activity for fuel oxidation, as well as compatibility with other cell components such as electrolyte and interconnect. In addition, stability of surface species ͑e.g., adsorbates͒ is not included in the thermodynamic analysis for bulk materials. The adsorption of sulfur-containing species on anode surfaces is being studied using quantum-chemical calculations. 17 In this paper, we report the results of our thermodynamic analysis on the stability of several classes of candidate sulfur-resistant anode materials. The most probable reactions that could cause failure of the candidates are identified. For the most typical materials of each class, the predictions are compared with experimental observations. The limitations of the thermodynamic analysis are also discussed at the end and the directions for future research are pointed out.
Thermodynamic Analysis
The thermochemical data for simple compounds investigated in this study were taken from standard references. 18, 19 The thermochemical data for most ABO 3 perovskites are not documented and were estimated from empirical equations in the literature. The estimation is valid because it is known that the enthalpy change for the reaction from simple oxides to complex oxides has close dependence on their structure. [20] [21] [22] [23] [24] [25] [26] For the example of ABO 3 perovskites, Navrotsky reported a good linear relationship between the reaction enthalpy for the formation of A 2+ B 4+ O 3 from AO and BO 2 simple oxides and the Goldschmidt tolerance factor ͑t p ͒ of the perovskite structure, which is defined as
where r A , r B , and r O are the radii of A, B, and oxygen ions, respectively. 20 It was proposed that Shannon's effective radii for A-site ions in 12-coordination state and for B-site ions in 6-coordination state should be used to calculate t p . 20, 27 Later, Yokokawa et al. 21 
Experimental
Some of the samples used in this study were obtained from commercial suppliers: ZrC ͑99.5%͒ and WC ͑99.6%͒ were from Alfa Aesar, TiN ͑99%͒ was from Aldrich, and WS 2 ͑99.8%͒ was from Cerac, Inc. The rest were synthesized in the authors' lab. Table I lists the precursors and preparation methods used for the syntheses. Of the precursors, La 2 O 3 and SrCO 3 were first calcinated in air at 800 and 300°C, respectively, for 2 h to remove the adsorbed moisture. All complex oxides were synthesized using a solid-state reaction method. The raw materials were mixed, ground for 1 h, pressed into pellets at 70 MPa, and heat-treated at high temperature. For some complex oxides like SrVO 3 , grinding and calcination were repeated until complete reaction and uniform composition were achieved, as confirmed by X-ray diffraction ͑XRD, PW1800 X-ray diffractometor, Philips Analytical͒. The radiation source was Cu K␣ lines. The SiC powder was synthesized using a solution-based process. 28 To verify the prediction of the materials' stability by thermodynamics, representative materials were exposed to fuels containing H 2 S at high temperature ͑usually 950°C͒ for 2-5 days. The nominal composition ͑by volume͒ of the fuels was either 10% H 2 S/3% H 2 O/87% H 2 or 50 ppm H 2 S/50% H 2 /1.5% H 2 O/48.5% N 2 .
Results
Metal carbides.-Many transition metal carbides have a very high melting point and excellent electrical conductivity. 29 Listed in Table II are the melting point, electrical conductivity, and CTE for some of the most common metal carbides. Some of the metal carbide materials such as Mo 2 C have been reported to have good catalytic activity for various chemical reactions and, unlike metal catalyst, have the potential advantage of preventing carbon deposition ͑see Ref. 34 for a summary of using metal carbide as catalysts͒. However, the suitability of these materials as candidate sulfurresistant anode materials for SOFCs is yet to be determined. Because SOFC anode is likely exposed to fuels containing various amounts of water vapor, one possible reaction that may lead to the failure of metal carbide anode is
If the elemental metal is more stable than the corresponding metal oxides in reducing atmosphere ͑such as molybdenum and tungsten͒, the reaction may be written as Table III lists the free energy change for the hydrolysis of some common metal carbide materials at 950°C in fuels with different CO concentrations. For most carbides except molybdenum and tungsten carbide, the hydrolysis reaction is an energetically favorable process over a wide CO partial pressure range ͑e.g., 10 −6 -10 −1 ͒. The hydrolysis reactions become even more energetically favorable as the CO concentration decreases or the water vapor concentration increases.
If the H 2 S concentration is high ͑e.g., on the percentage range͒, the carbides may also react with H 2 S to form metal sulfides as follows
This reaction is a complex one involving three reactants and three products. Even if it happens, the real scenario might be that the carbides are first hydrolyzed as in Reaction 9 or 10, then the hydrolysis product ͑metal oxides or metal͒ reacts with H 2 S to form metal sulfides, e.g.
In terms of thermodynamics, to predict whether hydrolysis ͑Reac-tion 9 or 10͒ or sulfidation ͑Reaction 11͒ will happen, it is sufficient to evaluate the free energy change for Reaction 12 or 13. If the free energy change is negative, it is possible that metal sulfide will be the final product; if the free energy change is positive, the metal oxide or metal from hydrolysis will be the final product. Table IV lists the free energy change for the sulfidation of some hydrolysis product from carbides in fuels with different concentration of H 2 S. Except for Mo and W in fuels with high concentration of H 2 S, the free energy change for all the reactions is positive, indicating the metal oxide or metal from the hydrolysis will be the final product. Therefore, from the above thermodynamic analysis, most metal carbide materials are ruled out as sulfur-resistant anodes of SOFCs because of their poor resistance to water vapor in the fuel gas. To verify the prediction by thermodynamics, several materials including ␤-SiC, ZrC, and WC were exposed to a gas mixture of 10% H 2 S/3% H 2 O/87% H 2 at 950°C for 2-5 days. The CO concentration in the fuel was ϳ1 ppm. Figure 1-3 show the comparison of the X-ray diffraction ͑XRD͒ patterns for ␤-SiC, ZrC, and WC before and after the stability test. As predicted, the hydrolysis of ␤-SiC and ZrC were observed: ␤-SiC transformed to silica ͑cristo- Fig. 4 for the postexposure sample.
Metal borides, nitrides, and silicides.-Similar to the transition metal carbides, many transition metal borides, nitrides, and silicides also have high melting points, good electrical conductivity ͑see Table II͒ , and better oxidation resistance than metal carbides. 29 However, thermodynamic analysis shows that hydrolysis is still a serious problem for these materials. Table V shows the free energy change for the hydrolysis of several common metal borides, nitrides, and silicides. All these reactions are energetically favorable. Like transition metal carbides, the reaction of these materials with H 2 S could still be regarded as two steps with the first one as hydrolysis and the second as sulfidation of the corresponding hydrolysis prod- ucts. Nevertheless, unless inhibited by extremely slow kinetics, the hydrolysis reactions will happen and none of those materials is going to survive in typical SOFC anode atmosphere. As an experimental verification, Fig. 5 shows the comparison of the XRD patterns of TiN powder before and after exposure to 10% H 2 S/3% H 2 O/87% H 2 fuel mixture at 950°C for 2 days. As predicted from thermodynamics, TiO 2 ͑rutile phase͒ was the only solid product after the exposure. Therefore, these borides, nitrides, and silicides are also ruled out as sulfur-resistant anode for SOFCs.
Complex oxides.-Metal oxides, especially those with complex structure, have been studied as candidate materials for sulfurresistant anodes of SOFCs. [7] [8] [9] [10] [11] [12] [13] [14] 31 Some of them have a combination of desirable properties for anodes including reasonable electrical conductivity and close match of coefficients of thermal expansion ͑CTE͒ with other cell components ͑see Table II͒ . To date, however, the determination of chemical stability ͑especially sulfur resistance͒ for these materials depends largely on experiments, i.e., the materials are exposed to H 2 S-containing fuels at high temperature and the phase change is analyzed afterward. 4, 9, 31 A more efficient way is to predict their stability from the free energy change for the reaction of interest ͑e.g., sulfidation͒. In the following, examples of analyzing the chemical stability for several perovskite-structured oxides are given, the majority of which show excellent agreement with experiments.
The La 1−x Sr x TiO 3 materials have been reported as candidate sulfur-resistant anode materials in fuels with H 2 S in the ϳ25-1000 ppm range. 13, 14 However, the chemical resistance of this material to H 2 S has not been reported. In this study, the chemical stability of LaTiO 3 
Assuming that the reaction enthalpy for Reaction 15 is independent of temperature, at 950°C, under the same condition was calculated to be ⌬G r = −23.9 kJ/mol ͑−20.1 kJ/mol if ⌬H r oxide from Eq. 3 is used͒, indicating it is also a spontaneous process. However, the hydrolysis ͑Reac-tion 14͒ is more likely to happen because it is more energetically favorable and only involves oxidation instead of both sulfidation and phase separation as in the sulfidation Reaction 20.
For SrTiO 3 , the standard Gibbs formation energy is available in the literature. 19 Because both Sr 2+ and Ti 4+ are stable against oxidation/reduction, the only possible reaction is sulfidation. Because no transformation of TiO 2 to titanium sulfide was observed in experiment ͑see Fig. 5͒ at 950°C in fuels with 10% H 2 S, the sulfidation reaction of SrTiO 3 should be SrTiO 3͑s͒ + H 2 S ͑g͒ = SrS ͑s͒ + TiO 2͑s͒ + H 2 O ͑g͒ ͓21͔
The free energy change for this reaction is given by 
At 950°C in fuel of 10% H 2 S/3% H 2 O/87% H 2 , ⌬G r = 33.0 kJ/mol. Therefore, the sulfidation reaction will not happen. As a verification of the analysis made above, Fig. 6 oxide from Eq. 6 is used͒. Therefore, the sulfidation of SrVO 3 in fuels containing 10% H 2 S can happen. Figure 8 compares the XRD patterns for the SrVO 3 sample before and after exposure to 10% H 2 S/3% H 2 O/87% H 2 at 950°C for 5 days. As predicted, the majority of SrVO 3 ͑JCPDS card no. 44-0039͒ transformed to SrS ͑JCPDS card no. 08-0489͒. For LaVO 3 , the situation is slightly more complicated. The free energy change for the sulfidation reaction 2/3LaVO 3͑s͒ + H 2 S ͑g͒ = 1/3La 2 S 3͑s͒ + 1/3V 2 O 3͑s͒ + H 2 O ͑g͒ ͓24͔ under similar conditions is very close to zero ͑−4.3 kJ/mol if ⌬H r oxide from Eq. 7 is used and 2.5 kJ/mol if ⌬H r oxide from Eq. 3 is used͒. Considering the uncertainty in the thermochemical data, it is concluded that this material is on the border of reaction because a small variation in experimental conditions ͑e.g., temperature or H 2 S concentration͒ could lead to different results. In the exposure experiment, as shown in Fig. 9 , we observed that after exposure to 10% Transition metal sulfides.-Transition metal sulfides seem a natural choice for sulfur-resistant anode materials; Mo and W-based sulfides have already been used for SOFCs that run on fuels with almost pure H 2 S. [1] [2] [3] 5, 6 However, most bulk transition metal sulfides are not suitable candidates for sulfur-resistant anodes that only deal with H 2 S in the parts per million range. For the example of WS 2 , the calculated equilibrium pH 2 S/pH 2 ratio at 727°C is 9.4 ϫ 10 −4 ; bulk WS 2 is not going to be stable if pH 2 S/pH 2 is only 1 ϫ 10 −4 in the fuel flow. In fact, as shown in Fig. 10 , WS 2 powder decomposed partially into metal tungsten after exposure to a fuel of 50 ppm H 2 S/50% H 2 /1.5% H 2 O/48.5% N 2 at 727°C for only 12 h.
Discussion
The reason metal carbides, borides, nitrides, and silicides are not resistant against hydrolysis is that the corresponding oxides ͑e.g., ͒. The only exceptions are W-and Mobased carbide materials: the corresponding metal phase is more stable in reducing atmosphere and the free energy change for hydrolysis is rather small as long as the CO concentration is high and the water concentration is low. However, it is noted that the low CTE and high processing temperatures of these materials ͑i.e., Moand W-based carbides͒ may pose other challenges.
The reason for the difference in stability of perovskite oxides can be explained by comparison of the free energy change from simple oxides to complex oxides ͑i.e., ⌬G r oxide for Reactions 2, 4, and 5, also called the stabilizing factor here͒ and the free energy change for the simple oxides to transform to other phases like sulfides ͑also called the disruptive factor here͒. For example, the stabilizing factor, ⌬G r oxide , for SrTiO 3 is −137.7 kJ/mol while the disruptive factor ͑⌬G r for the sulfidation of SrO to SrS͒ under condition of the stability test ͑950°C, 10% H 2 S/3% H 2 O/87% H 2 ͒ is only −104.7 kJ/mol; therefore, SrTiO 3 will be stable. In comparison, for The total disruptive factor has a ⌬G r of ͑−24.0͒ + ͑−103͒ = −127 kJ/mol, which is greater than the stability factor. Therefore, LaTiO 3 3 , which is contradictory to experiments. One outcome of the second treatment is that there will be local regions within the perovskite material that have excess of positive or negative charges, which do not correspond to the lowest energy state. In the authors' opinion, a more reasonable model for the doped perovskite might be that the distribution of alien ions ͑in this case La 3+ and Sr 2+ ions at the A-sites͒ follow random distribution while the multivalence ion ͑in this case Ti 3+ /Ti 4+ or V 3+ /V 4+ at the B-sites͒ will alter its valence and distribute according to the distribution of the A-site ions to maintain local charge neutrality. The validity of this treatment will be investigated by both theoretical calculation and experiments in future work.
Another important point is that the thermodynamic analysis made here is limited in that it only predicts the chemical stability of bulk materials. It does not provide any direct information about the stability of surface species ͑e.g., adsorbed sulfur͒ nor catalytic activity of the materials. This is clearly seen for the Ni-YSZ cermet anode: the equilibrium pH 2 S/pH 2 ratio for bulk nickel sulfide at 950°C in H 2 fuel is as high as 10 −2 ppm, while it is known that the Ni-based anode is poisoned by H 2 S in the parts per million range. 36, 37 It is generally believed that surface sulfide would be much more stable than bulk sulfide in low concentration of H 2 S. 38 Whether the above thermodynamic analysis on bulk materials could be extended to include the surface effect ͑surface thermodynamics͒ is still under investigation.
Conclusions
The stability of various materials ͑metal carbides, borides, nitrides, silicides, sulfides, and complex oxides, etc.͒ in SOFC anode atmosphere containing H 2 S was analyzed using principles of thermodynamics. The results help to rule out a large number of candidates such as most transition metal carbides, borides, nitrides, and silicides. Estimation of the thermochemical data for perovskitestructured oxide based on empirical equations provides valuable predictions about the stability of those materials. Further study is required to explain the stability of doped perovskite material and reveal the relationship between stability of surface species and the response of anode material to sulfur contaminants.
